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EFFECT OF SURFACE TILTING ON
ALTIMETER WIND MEASUREMENTS

1. Introduction

Feasibility of deriving the sea surface wind speed from satellite altimeters has been convincingly
demonstrated during the past two decades with output from GEOS, SEASAT, GEOSAT and most
recently TOPEX/POSEIDON missions (e.g., Brown, 1978, 1990; Brown et al., 1981; Chelton and
Wentz, 1986; Witter and Chelton, 1991; Wu, 1992; Ebuchi and Kawamura, 1994; Freilich and Challenor,
1994; Gower, 1996). The basis for relating radar measurements to wind speed is the realization that radar
backscatter is caused by surface roughness. In the ocean, the surface roughness is mainly contributed by

wind-generated surface waves. The measured radar intensity (the normalized radar cross section), oy,
however, was found to differ significantly from theoretical calculations using equations derived from
scattering processes (e.g., Barrick, 1968) and measured physical properties of the surface roughness (e.g.,
Cox and Munk, 1954; Hwang et al., 1996). Most puzzling of all, calculations consistently indicated that
the sea surface detected by radars, with wavelengths on the order of a few centimeters, was “rougher”
than those detected by optical instruments that depend on light with wavelengths in the sub-micrometer
wavelength range (e.g., Brown, 1990; Jackson et al., 1992). This perplexing result was not resolved in
the past two decades since the advent of altimeter data. Up to this stage, the majority of wind speed
algorithms are based on empirical or statistical analyses. Some of these also incorporate the physics of
scattering processes and roughness properties (e.g., Brown et al., 1981; Wu, 1992), but most of them rely
on correlation of coincident and collocated databases of the satellite radar cross section and in-situ wind
speed (e.g., Chelton and Wentz, 1986; Witter and Chelton, 1991). One algorithm (Freilich and Challenor,
1994) relies completely on the independently derived statistical properties of the altimeter backscattering
cross section and sea surface wind speed. The difference among these algorithms are relatively minor,
and it will be shown that the results of these comparisons are sensitive to the databases used for the
studies.

In this paper, we investigate the relationship between the surface roughness and radar cross section.
In particular, we quantify the attenuation of the radar cross section as a result of the tilting of scattering
roughness by surface water waves with wavelengths much longer than that of the radar waves. Because
wave scattering processes depend strongly on the length scales of the roughness (relative to the radar
wavelength), the clarification of different scattering contributions by surface roughness components of
different length scales is a critical step for the improvement of the wind speed derivation by satellite
altimetry. At higher wind speed conditions, wave breaking may become a significant factor to the
variation of radar backscattering. The issue of breaking waves is not discussed in this paper.

In Section 2, the scattering of radar waves at near normal incidence is discussed (Section 2.1). A
comparison of the mean square slopes derived from the radar backscattering equation with the optical
measurements is quantitatively described (Section 2.2). Based on this analysis, a mathematical
formulation of the surface tilting effect on the radar backscatter at normal incidence is described (Section
2.3). It is shown that the characteristics of the solution is in agreement with the observed radar-optical
discrepancies.

A detailed numerical computation of the tilting solution is then carried out in Section 3. The length
scales for the partitioning of the roughness components is described (Section 3.1). The wavenumber
spectrum recently obtained from the ocean using a scanning slope sensor buoy (Hwang et al., 1996;
Hwang, 1997) is used to derive the wind-generated tilting and scattering roughness (Section 3.2). In
addition to local wind-generated waves, ambient waves (such as swells that are not originated in the local
regions or turbulence process that are not related to local wind conditions) may also contribute to the
tilting surface slopes (Section 3.3). With these considerations, the roughness components can be
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quantitatively specified for the computation of the tilting mechanism. The tilting effect can be evaluated
in a forward or inverse procedure. The general properties of the tilting solution are discussed (Section
3.4).

Section 4 presents a comparison of the tilting algorithms with existing empirical operational
algorithms. The present status of the existing algorithms is briefly reviewed (Section 4.1). Quantitative
comparison of two computational procedures to evaluate the tilting mechanism are described (Section
4.2). From comparisons of three data sets, with maximum distance between the buoy station and satellite
footprint 10, 20, and 40 km, it is illustrated convincingly that the consideration of tilting effect
significantly improves the agreement of wind speed measurements from satellite altimeters and in-situ
ocean buoys. The results suggest that the accuracy of the satellite altimeter for measuring the wind speed
at the ocean surface is better than we have perceived. It is also pointed out that in order to retrieve the
wind speed to the full potential of the altimeter accuracy, we need to derive the ambient and tilting wave
slope components from the altimeter data suite (Section 4.3). Finally, Section 5 presents the summary
and conclusions.

2. Radar Backscatter at Normal Incidence

2.1. Scattering equation

The topic of wave scattering from a surface or by particles has been studied in many different
contexts, including research in optical, acoustic, radar and water waves. A common result of these
studies is that the scattering characteristics are critically controlled by the length scales of the object and
the incident waves, as well as the refractive index of the medium, m. The length scales can be expressed
in dimensionless form as x=xa, where x is the wavenumber of incident waves, defined as 2n/4, A is the
incident wavelength, and a is a characteristic length scale of the scattering object. Extensive discussions
on wave scattering are available in the literature (e.g. Beckmann and Spizzichino, 1963; Fock, 1965; van
de Hulst, 1987, Stewart, 1985). Using scattering from particles as an example, for very small particles
(mx<<1) the scattering cross section is proportional to at. Therefore, the scattering contribution from
very small-scale roughness diminishes rapidly. For very large particles, the incident beam may be
considered to consist of separate rays. The behavior of these rays becomes independent if the separation
distance is on the order of one incident wavelength. For a given frequency of incident waves, as the
length scale of the scatterers in the medium becomes longer, the scattering pattern becomes sharper and
more localized (e.g., van de Hulst, 1987).

A conceptual sketch is shown in Figure 1 to describe the situation of radar waves scattering from an
undulating surface with different roughness properties and the resulting intensity patterns of the scattered
waves. The sketch illustrates a train of plane waves (indicated by the parallel wave front) impinging on
the water surface, corresponding to the far-field radar waves from satellite altimeters. The scattered wave
patterns from the water surface will vary according to the surface roughness conditions, been more
directional and narrowly distributed from a smooth surface, as in patch 1. The primary direction of the
scattering pattern is along the direction of specular reflection. Therefore, for surfaces of equivalent
roughness, such as patches 2, 3 and 4, the scattering patterns are similar in the directional distribution
(the beam width, determined by the surface roughness), but the primary direction of the scattering will
vary depending on the orientation of the roughness patch. The backscattering intensities, that is, the
scattering in the direction opposite to the incoming waves, for the three patches shown will be different.
The modification results in a reduced, or attenuated, radar return compared to the condition when the
scattering is assumed to be on a flat surface such as depicted in patch 5. The concept illustrated in Figure
1 forms the basis of this paper regarding the tilting effect on the altimeter scattering from the ocean
surface.

For monostatic radar applications, that is, projecting and receiving radar waves with the same
antenna, backscattering properties are of most interest. The backscattering intensity is generally
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expressed as the normalized radar cross section (NRCS), op. Many expressions of oy have been
presented in the literature (e.g., Kerr, 1981; Wright, 1966, 1968; Barrick, 1968; Valenzuela, 1978). The
major differences of their results are the assumptions of the surface roughness and the dielectric constant
of sea water, which determines the refractive index of the sea surface (Stogryn, 1971; Ray, 1972; Klein
and Swift, 1977). For radar altimeter applications, the expression given in Barrick (1968), frequently
employed as the starting point (assuming a Gaussian distribution of the scattering surface roughness), is

Figure 1. A conceptual sketch depicting the scattering of waves by surface roughness of various
characteristics and the effect of tilting surface on the backscattering intensity from patches of similar
roughness. See text for further description.

2 2
:LIL«).)LseC49iexp :_% , (1)
A f S f

where 6; is the radar incidence angle, denoting the angie between the propagation direction of radar
waves and the surface normal; [R(0)[2 is the Fresnel reflection coefficient, characterizing the surface
reflectivity; and s2 is the filtered mean square slope, representing the portion of surface roughness
elements with length scales greater than the diffraction limit. Eq. (1) corresponds to the zero-th order
solution of the scattering of electromagnetic waves from a rough surface (see also Brown, 1990; Jackson
et al., 1992).

The wavelength of the diffraction limit, &k, is generally specified to be scaled with the radar
wavelength. The magnitude of the proportionality constant is not well defined, and Brown (1978, p. 479)
states that “... there is very little theoretical foundation for choosing &4 other than 4kp2{2<<1.” In this
statement k22 represents the mean square product of the electromagnetic wavenumber, kg (the
equivalence of « in this paper), and the surface roughness height, ¢, responsible for the scattering. For
example, Table 2 of Jackson et al. (1992) lists the values cited in seven papers that range from 1.5 to 40.
The most frequently used value is 3. It is noted that the calculation of roughness components requires the
wavenumber spectral information of short waves in the size range of the radar wavelengths. Such
information remains unknown to this date, although some spatial measurements of capillary-gravity

Oo (01)
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waves from the ocean started to appear in the literature (e.g., Hwang et al., 1996; Hwang, 1997 and the
references therein). In any case, with a normal incidence, 6;=0, (1) can be expressed as
|R(0)F
o,(0)= ( 2) . 2)
St
In the following, we shall write op=0p(0) for brevity.

2.2. Comparison of radar and optical measurements of mean square slopes
In the past, because of the relatively large footprint of the altimeter coverage (the footprint diameter

of satellite altimeters is on the order of 7 km, see e.g., Chelton et al., 1989), all ocean waves with
wavelengths greater than the diffraction limit of the radar waves were considered as the filtered
roughness, s2, in equation (2). The calculated roughness was significantly greater than physically
possible, i.e., the calculated surface roughness appeared to be rougher for radar waves than for optical
waves, as discussed in the last section. Figure 2a and 2b show the wind-speed dependence of mean
square slopes measured by optical techniques (Cox and Munk, 1954; Hughes et al., 1978; Hwang, 1995,
1997; Hwang et al., 1996) and by microwave radars. A more thorough discussion of the available data
sets of the optically-measured mean square slopes derived from the ocean environment is given in
Hwang (1995, 1997). In Figure 2a, four measurements (shown as @) at low-wind conditions (Ujg<2
m/s) in the Cox and Munk (1954) data set are influenced by large swells present. The swell contribution
((KH)2/8, where K and H are the wavenumber and wave height of the swells) can be calculated from the
wave period and wave height reported (see Hwang, 1995, 1997 for more details). With this correction, all
the optically-measured total mean square slopes, s2, follow a clear trend of linear wind speed
dependence. The least square fitting yields

s? =512x 107U +125% 107 3)
where Uy is the reference wind speed at a 10 m elevation. The scatter of these field data is within the
factor-of-two envelope drawn as dashed curves in Figure 2a.

o™

! A B
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10’ 10’ 10’
U0 (nvs) U10 mvs)
Figure 2. Comparison of mean square slopes derived from optical methods and satellite Ku-band altimeters.
(a) Measurements using optical techniques, data shown are from: o: Cox and Munk (1954), the four data
points plotted as @ are without the correction of swell contribution (see text for further discussion); x:
Hughes et al. (1978); and +: Hwang et al., (1996) and Hwang (1997). The solid curve is the linear best fit
represented by Eq. (3); and the dashed curves are the factor-of-two envelopes (b) Measurements from GEOS-
3 (x) and TOPEX (o) altimeters. The GEOS-3 data is digitized from figure 7 of Brown (1990), the TOPEX

data is from Track 115 and NDBC data is from Buoy 42020 in the Gulf of Mexico. The solid curve is Eq. (3).

10
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In contrast to the optical data, the dependence between wind speed and radar-derived surface
roughness (using equation (2)) is more complicated (Figure 2b) than the optical data. In Figure 2b, the
mean square slopes derived from GEOS3 reported in Brown (1990) and shown as crosses are digitized
from his figure 7. The in-situ wind speeds were compiled from ocean buoys in the vicinity of the
satellite footprint at the time of satellite passages. The spatial lag with one standard deviation between
the satellite data and surface wind measurements is 30.1 + 23.2 km, and the temporal lag is 0.56 + 0.42
hours (Brown, 1981, 1990). The data shown as circles are derived from TOPEX track 115 and NDBC
Buoy 42020 (270°00°44”N, 90°30°20”W, local water depth 132m) in the Gulf of Mexico. Only those
data points satisfying the stringent criteria of spatial lags less than 10 km and temporal lags less than 0.5
hours are plotted (a total of 208 points). Due to the relatively mild conditions in the Gulf of Mexico, the
maximum wind speed encountered in this three-year (1993 to 1995) database is only 11 m/s,
considerably less than that of Brown’s measurements (1981, 1990).

Overall, these two data sets, separated by approximately two decades, are quite similar and display a
trend considerably different from the mean trend of the optical measurements (solid curve). At higher
wind speed, say Ujg> 8 m/s, the linear wind dependence appears to hold. At lower wind speed, the
deviation from a linear wind speed relationship is evident. The data scatter is also much more
pronounced in the radar measurements, especially at the lowest wind speed range. Most important of all,
the radar-derived mean square slopes are obviously higher than the optically-measured values at the
same wind condition, a clear violation of the physics of wave scattering as commented earlier.

One common practice to reconcile this difference is to lower the magnitude of |[R(0)2 from the
observed value of 0.61 for Ku-band radar frequency (Stogryn, 1971; Ray, 1972; Klein and Swift, 1977).
The reason for the reduced coefficient is sometimes attributed to the effects of wave breaking and foamy
surface modifying the surface reflective properties. This approach is not justified, especially in view of
the fact that major discrepancies of radar and optical data occur under the mild wind condition such that
the modification of dielectric constant by foams and breaking is most likely minimal. The trend of the
radar-optical discrepancy should be reversed from that shown in Figure 2b.

Another explanation for the reduced radar backscattering intensity suggested by Jackson et al.
(1992) is due to the diffraction effect from roughness of very short lengthscales. This is also considered
by Thompson (1988) and Chapron et al. (1995) among others. They have shown that by carrying out the
solution of EM wave scattering from a rough surface to the higher order, the diffraction effect reduces
the mean square slopes calculated from radar backscattering cross section. Using the ratio (of the surface
wavelength to the radar wavelength) of 3 as the scale of separating the diffraction and scattering
roughness components, Jackson et al. (1992) show that the diffraction mechanism can effectively reduce
the calculated mean square slopes to less than the optical measurements at higher wind condition (U1¢>7
m/s). The diffraction mechanism, however, is not effective at lower wind speeds and the mean square
slopes derived from radar at wind speeds less than 5 m/s remain higher than the optical values (see
figure 4 of Jackson et al., 1992). In summary, the correction due to the diffraction mechanism decreases
from high wind to low wind conditions. This is an opposite trend to that displayed in Figure 2b, where it
is illustrated that the major discrepancies between radar and optical measurements occur in the low wind
region and that the differences reduce toward higher wind speeds. We therefore conclude that the
diffraction effect as formulated is not the major mechanism responsible for the observed discrepancies of
radar and optical measurements in the mild to moderate wind speed conditions, say, Ujg < 8 m/s.

2.3. Tilting effect on the altimeter backscattering

The information embedded in Figure 2 can be expressed in a different form as o vs. Ujg (Figure
3). In Figure 3a, the solid curve is calculated using (2) with the optically-derived surface roughness (3)
multiplied by a factor of 0.7. More discussion on the computation of the surface roughness components
will be presented in the Section 3.4. It becomes clear that the proper interpretation of the “excessive

roughness” as shown in Figure 2b is really an attenuation factor, Aoy, that is more significant under
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lower wind than higher wind conditions. This attenuation factor can be calculated from the difference (in
dB) of the calculated (the solid curve of Figure 3a) and the measured (the circles in Figure 3a) radar
cross sections. The results are shown in Figure 3b. (Note, a difference in dB between the measured and
the calculated oy corresponds to the ratio of the two quantities.) As discussed earlier and illustrated in
Figure 1, the important length scale governing the scattering phenomenon is not the size of the radar
footprint but the length scale of surface undulations with respect to the radar wavelength. While small
scale roughness with wavelengths comparable to the radar wavelength contributes to the scattering, the
primary effect of longer waves is to change the local incidence angle (Figure 1) such that the back
scattering intensity decays at an exponential rate, due to the exp(-tan2 8/s/2) term in (1). This exponential
decay is most significant at lower wind speeds, under which the mean square slope, 572, is small, and less
severe at higher wind with s2>>tan26). The trend of this decay due to the local incidence angle variation
is in agreement with the wind-dependent attenuation of the radar return shown in Figure 3b. It is
concluded that the computation of 5 needs to take into consideration the local incidence angle variation

caused by longer waves on the ocean surface.
sigufit.m
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Figure 3. (a) The wind speed dependence of the normalized radar cross section, 0,3 0: TOPEX Ku-band
altimeter measurements; and solid curve: calculation by Eq. (2) with s, defined as 0.7 times the optically-
measured mean square slopes (Eq. 3). (b) The damping factor, Acy (Eq. 6).
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Introducing the concept of local incident angle (e.g., Wright, 1968; Valenzuela, 1976), (1) can be
expressed as

2 2(p,
z,(6)= J'lR(OZ[ sec* (6, +6) exp ﬁn——(gﬂ p(6)de , )

5f 5f

where 81is the slope of the long wave roughness (the tilting waves) that contributes to the modification of
the local incidence angle, p() is the probability density distribution (pdf) of the tilting waves, and 2% is

the expected radar cross section measured by the altimeter. This modification is most significant at §=0,
that is, the altimeter mode. Qualitatively, this can be explained by exploring the exponential term on the

right hand side of (4), exp(-tan2( Gi+6)/s2). One may expect that the relative change of the local incident
angle [(6;+6)/6;] is most significant as ; approaches 0°.
For normal incidence, =0, and (4) becomes

|R(0)? —tan’ 0
z,(0)= I_(—E)_SCC4 8 expl ——— | p(6)d6 . (5)
51 5y
In the following, we shall write 25=2%(0). The analytical form of the attenuation factor, Aoy, is given by
the ratio of 2 and oy

S

AO’O =

Z, (0 4 —tan” @

(0 = I sec” fexp =— |p(6)d6 . (6)
0 Sy

In the next section, we present the details of the calculation of radar cross section and attenuation

factor based on the above formulation for two pdf functions of the tilting waves. The Gaussian surface
distribution is given by

1 -6
Py = e 255 . G
\/ 2ro, 20,
and the sinusoidal surface distribution by
1
ps(6)= T 8)

where o; is the root mean square slope of random tilting waves and 4, is the maximum slope of the
representative sinusoidal tilting waves. Both o; and 4; will be quantified later.

2.4. An operational algorithm considering the tilting mechanism
Based on the above analysis, an operational algorithm to derive wind speed from altimeter data can
be established from the scattering equation (5). To obtain a closed-form solution of the integration in (5),

the tilting angle s further assumed to be small, resulting in the following simplification

ROV [-¢?
T, = Il ( gl exp[—s—z—]p(ﬁ)dG . )
S

With the Gaussian distribution, (9) becomes
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2
o IROY | sy
° sf2 sf2 +2cr,2

(10)

Considering that the scattering roughness component, s/, is the wind-generated short waves, while
the longer tilting component may contain both wind-generated waves, s/2, and ambient waves, S2, that

are not related to local wind speed, we can write s2=B U}, 02=52+52, and s2=B,U)¢+B3 (to be further
described in the next section), (10) becomes a quadratic equation of Ujg, with the following positive

root,
- K2 + \/Kz +4K1K3
Upo = X : (11)
1

where K| = B12+2B1B,, K»=2B1(B3+52), and K3=(|R(0)|?/2p)2. Eq.(11) is an operational algorithm that
can be used to derive the wind speed from the altimeter output alone.

3. Numerical Calculation

3.1. Dividing scales of tilting and scattering roughness components

In order to carry out the calculation of (5), one needs to define the scale length and the wavenumber
distribution of the surface roughness. In this paper, we use the half-wavelength (Z/2) of the surface
undulation as the characteristic length scale (@) of the surface roughness. This scale corresponds to the
characteristic length of the surface “mounds” or “depressions” illustrated in Figure 1. The short waves
with xa in the range of 1 to 50 will be considered as the filtered roughness, s2, and the components with
xa > 50 will be considered as the tilting fraction, s,2, that contributes to the variation of the local
incidence angle. For the Ku-band frequency (13.6 GHz) used on TOPEX, the corresponding wavelengths
of tilting and diffraction limits based on the above criteria are 0.35 and 0.007 m; and the corresponding
wavenumbers are 18 and 896 rad/m, respectively.

3.2. Wavenumber spectrum of short ocean waves and components of surface roughness

The wavenumber spectrum describing the ocean surface slope, yj(k), is needed to carry out the
computation. It is noted that the majority of ocean wave data are from point measurements that provided
the frequency spectrum. The functional form of the wave spectrum is still a topic of active research.
There is a factor-of-two uncertainty in the measured values of the spectral coefficient in the frequency
domain (Phillips, 1985). The conversion from frequency to wavenumber domain is nontrivial and
introduces further uncertainties due to the lack of definitive information on the directional distribution of
the wavenumber spectrum. Phillips (1977, 1985) presents detailed discussions of the spectral properties
in the “saturation” region, the correlation between the frequency spectral coefficient and the wavenumber
spectral coefficient, and the difficulties associated with the procedure for the conversion of frequency to
wavenumber spectra. These discussions will not be repeated here.

Of special interest for the present computation are the short-scale waves based on the recent field
data of capillary-gravity waves. These spatial measurements were acquired by a scanning slope sensor
mounted on a free-drifting buoy to reduce flow disturbances to the sensing region (Hwang, 1995, 1997;
Hwang et al., 1996). The data cover the wavenumber range of 100 to 1600 rad/m (wavelengths from
0.004 to 0.063 m), corresponding to the region approximately four times shorter to four times longer than
the critical wavenumber (%,,) of 374 rad/m, under which the phase velocity of the wave component (¢,,)
is at a minimum and the contributions of gravity and surface tension as the restoring forces of wave
motion are equal. Based on these field data, the following empirical spectral function for the short waves
in the ocean is proposed:
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Zl(k) = A(u * /c)(cm /c)kmk_2 , (12)
where 4 is the dimensionless spectral parameter, #* the wind friction velocity, and ¢ the phase speed.
The wavenumber dependence of the calculated values of the coefficient 4 from field data is found to
be monotonic, with 4 approaching an asymptotic value of (2.3+0.55)x10-3 at the gravity end, and
(2.1£0.11) x10-2 at the capillary end of the wavenumber range (Figure 4). The following three-segment
approximation, shown as solid line segments in Figure 4, will be used for the subsequent calculation

-2 -1
201x10"u*k e k, <k <100rad /m
x(k)= 1.97><10_3u*(g+'rk2) ,100< k <900 rad /m |, (13)

2.57><104u*k"3, 900 < k <1600 rad / m

where k; is the wavenumber (18 rad/m) separating the tilting roughness and filtered scattering roughness,

g the gravitational acceleration and 7 the ratio of surface tension and water density. Note that the
coefficients in (13) are dimensional and MKS units are used.

kas3
fi¥86%20

(A}

1 ] 1 1 1]
0 200 400 600 800 1000 1200 1400 1600 1800
k {rad/m}

1071

A(K)

10 10°

k {rad/m}

Figure 4. (@) The dimensionless spectral coefficient, 4, calculated from the measured curvature wavenumber
spectra (Hwang et al., 1996, Hwang, 1997), showing the asymptotic trend in the gravity and capillary wave
regions. The solid curve is the three-segment approximation (Eq. 14) described in the text. (b) Same as (a) but
plotted in linear scale.

The slope spectrum can be expressed in terms of Ujg instead of »* with the relation w*=Cpl/2Ujo,
where Cp is assumed to be a constant 0.0012, a reasonable assumption for mild to moderate wind

conditions (Large and Pond, 1987). Thus

—~4 -1
696 107Uk ', ki <k<100rad /m
(k)= 6.82><10_5U10(g+rk2) ,100 <k <900 rad /m | . (14)
8-90><102U10k_3 900 < k <1600 rad | m
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Integrated (14), the filtered (18<k<896 rad/m) and the diffraction-limit (A>896 rad/m) roughness
components can be expressed explicitly as

s7% =366x1073U), (15)
and

54 =374x1074Uy,. (16)
The wind-induced tilting roughness component (k<18 rad/m) can be calculated by subtracting (15) and
(16) from (3), which gives

52 =109x 103U} +125x 1073 (17)

As stated in the last section, in addition to the wind-induced roughness, other features, such as

swells generated from far away regions, and breaking waves and turbulence at the local ocean surface,

will also introduce apparent surface slopes which do not have a clear functional dependence on the local

wind speed. Denoting these non-local-wind contributions as S2 (hereafter referred to as the ambient
parameter), the variance of the tilting surfaces in (7) is explicitly,

o2 =52 +8%, (18)
and in (8)

42 = 2(s,2 + Sz) . (19)

3.3. Ambient parameter

The measurement of mean square slopes in the ocean is a very difficult task, and the separation of
wind-induced and ambient components has been only recently attempted (Hwang, 1997). We may,
however, estimate the range of the ambient parameter S2. For a periodic wave train, it has been
established that the maximum ratio of wave height to wavelength is 1/7 (Michell, 1893), corresponding
to a steepness (defined as the product of the wavenumber and the wave amplitude) of n/7, The mean
square slope of a sinusoidal wave train with maximum slope is then (n/7)2/2 = 0.10, representing the
maximum value of S2.

Although NDBC buoys are operational buoys with a cutoff frequency of 0.4 Hz (wavelength 10m),
their standard output of the average period, 7,, and the significant wave height, H, may be used for an
estimate of the ambient parameter. The buoy-measured mean square slope is calculated by Sp2 =
(K H)?/8, where K, is calculated from T, using the deep water dispersion relationship. The attenuation
factor, Aoy vs. Sp2 is shown in Figure 5 with different symbols for wind speed bands of Ujg = [1, 2.5],
[2.5 ,4], [4, 5.5], [5.5, 7], [7, 8.5] and [8.5, 11] m/s. The maximum wind speed of the data set is 11 m/s.
The strong dependence of Aoy on Sp2 is clearly illustrated. For the data points in each wind speed band,
Aoy decreases by 1 to 2 dB at the higher end of S32. The magnitude of Aoy tends to level off when Sp2 is
small, probably indicating the absence of swells and other ambient waves. In addition, the functional
dependence of Aoy as a function of Uy, and therefore of 572, is evident in this plot. Such dependence on
the long wave steepness and wind speed is expected from the tilting effect as described earlier in Section
23.

It is noted that rather large Sp2 values exist in the lower wind speed data. Values as much as
5.2x10-3 are observed with Ujg <3 m/s. The expected wavelength at the spectral peaks of these low
wind cases is less than 6 m, therefore, the wave properties measured by the buoy are predominantly
ambient waves that are not locally-generated. At this point, we clarify that the operational buoys are not
designed to measure wave slopes. For example, the maximum value of S32 shown in the Figure 5 is only
0.013 at Uyg = 11 m/s, where breaking undoubtedly occurs. As mentioned earlier, the mean square slope
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of waves at the breaking limit is 0.1. Studies of breaking waves have shown the difficulties of deriving
the mean square wave slopes or the acceleration parameters (both are related to the fourth moments of
the wave spectrum) using wave buoys (see, e.g., Snyder et al., 1983; Hwang et al., 1989). It is estimated
that Sp2 may represent an underestimation (by a factor between 5 and 10) of S2. Even with these
reservations, it is quite encouraging to see that the functional dependence of the attenuation factor on the
wind speed and large scale surface slopes as displayed in Figure 5 is in good agreement with the
prediction of the tilting mechanism. Computational results with a reasonable range of 52 (0 to 0.03) will
be presented below.

Haspsry-m
0

S o
o -3} ® o
@ x &% @
£ ©F, oFHF g %
2 ® F
s ® g8 I+ y
© x 8 +
[a] " ® 8
5L ® o
®
6| . ]
* %
%
-7 ” 1:3 |2
10 10 10
(KH)2/8 - Buoy

Figure 5. Using the buoy-measured wave slopes (Sp2=(KH)2/8, calculated from the average period and wave
height reported in the buoy data suite) as an indication of the ambient slopes, $2, the attenuation factor, Aoy
for a given wind speed band is shown to decrease with increasing S32, in agreement with the theoretical
prediction of the tilting mechanism. Symbols: x: Uyp=1 teo 2.5 m/s, ®: U19=2.5 to 4 m/s, 0: U19=4 to 5.5 m/s, +:
Uyp=5.5t0 7 m/s, *: Uyp=7 to 8.5 m/s, e: U19>8.5 m/s.

3.4. General properties of the tilting solution

With the tilting and filtered roughness components defined, the dissipation factor, Aoy, derived
from (5) is shown in Figure 6a for the Gaussian distribution, and in Figure 6b for the sinusoidal
distribution. In both figures, five curves are shown for $2=0, 5x10-3, 1x10-2, 2x10-2 and 3x10-2, from top
to bottom, respectively. The numerical integration of (6) is carried out with the integration range of 6

from -40; to 40; for the Gaussian distribution of the tilting waves, and from -4; to 4, for the sinusoidal -

distribution. It is seen that even without the introduction of the ambient parameter ($2=0), the attenuation
factor ranges from -1dB at Ujg=11 m/s to -1.8 dB at Ujp=1 m/s using the Gaussian distribution; and
from -1.4 dB to -2.4 dB using the sinusoidal distribution. In terms of ratios, -1, -1.4, -1.8 and -2.4dB
correspond to 0.79, 0.72, 0.66 and 0.58 respectively. The tilting effect, therefore, represents a major
correction to the altimeter backscattering cross section. A comparison of Figures 6a and 6b with 3b
suggests that S2 varies from a range of [0, 0.01] at wind speed above 10 m/s to [0.005, 0.03] at low winds
in the 1 m/s range, assuming a Gaussian distribution of the tilting waves. Although a functional form of
S2(Uy0) will undoubtedly improve the agreement between computations and measurements, the fine
tuning of the S2 parameter (as well as the partitioning roughness length scales, k; and k;, and the spectral
function of the short ocean waves) is not pursued here. Instead, from visual inspection it is considered
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4. Comparison With Other Wind Speed Algorithms

4.1. Present status

There have been many comparisons of existing altimeter wind algorithms (e.g., Witter and Chelton,
1991; Wu, 1992; Freilich and Challenor, 1994). Freilich and Challenor (1994) present a very
comprehensive analysis of eight algorithms. Results in terms of the mean error, root mean-square error,
standard deviation, wind speed error trend, and pseudo-wave age error trend are tabulated. The
differences in all eight algorithms are surprisingly minor, especially in terms of the mean square error or
standard deviation: 7 of the 8 algorithms produce less than 10 percent differences in these two error
parameters (1.60 to 1.75 m/s rms error, 1.58 to 1.72 m/s standard deviation). The corresponding values
for the eighth algorithm (NWP3, Freilich and Dunbar, 1993) are slightly higher and close to 2 m/s. It can
be concluded that the statistical or empirical approach to develop wind speed algorithms from satellite
altimeters may have reached its resolution limit. The approaches of statistical and empirical fitting also
do not explain the discrepancy between the optical and radar measurements discussed earlier (Figure
2b). The tilting mechanism described in the last section is based on the physical property of wave
scattering by roughness of different length scales (relative to the incidence radar wavelength). The
apparently “rougher” surface perceived by the radar is clarified to be an indication of signal attenuation
due to the modification of the local incidence angle by surface roughness components of longer length
scales.

4.2. Effect of surface tilting

Here, we present the comparison of the tilting mechanism as outlined in the previous section, and
three other algorithms: Brown [B81] (Brown et al., 1981), Modified Chelton and Wentz [MCW] (Witter
and Chelton, 1991), and the Rayleigh-based statistical model [F&C] (Freilich and Challenor, 1994). Two
sets of computations will be shown. The first set is a reference calculation using the forward
computational procedure [Tilt-Forward] to evaluate (5) with probability distributions (7) and (8). The
forward procedure starts with the calculation of the attenuation factor Aoy using (6). The buoy wind
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speed (U1p(Buoy)) is used to calculate the mean square slope components needed in the equation. The
ambient parameter S2 is fixed at 0.01 for the sinusoidal distribution and 0.02 for the Gaussian
distribution. The calculated attenuation factor is then applied to the altimeter measurement of the radar
cross section to derive the filtered slopes, s2 from (5). The altimeter wind speed, Ujo(ALT), is then
calculated through the linear correlation (15). The purpose of the reference computation is to assess the
accuracy of the formulation of the tilting mechanism. The second set of computations is the direct
calculation of Ujg(ALT) using the four operational algorithms just mentioned (B81, MCW, F&C, and
Tilt-Operational algorithm (11)). The statistics of comparison include the following: the distribution of
the velocity difference (AU = Ujo(ALT) - Ujo(Buoy)), the root mean square difference, the correlation
coefficient, and the slope of the scatter plot (Ujg(ALT) vs. Ujg(Buoy)).

The database used in the comparison is from TOPEX Track 115 and NDBC Buoy 42020 in the Gulf
of Mexico, covering the period from October 1992 to December 1995 (Table 1). Only data points with
spatial distance of less than 10 km and temporal difference less than 0.5 hours are used (a total of 208
points). Interestingly, as shown in Figure 7a, this data set displays two distinctive branches at low wind
conditions (Ujg<5 m/s). One branch appears to show better agreement with B81 and the other branch
shows better agreement with MCW and F&C. The reference calculation (with Gaussian distribution
shown) is somewhat closer to the B81 curve at the intermediate wind condition and falls in the middle of
the three algorithms in the low wind speed region. The key statistics of comparison, including the rms
difference, the correlation coefficient, and the slope of scatter plot (TOPEX wind speed vs. Buoy wind
speed) are listed in Table 1. With the forward computation, the rms errors are significantly reduced
(from an average of 1.28 m/s to 0.82 m/s using the Gaussian surface assumption, and to 0.74 m/s using
the sinusoidal surface assumption), and the correlation coefficient of TOPEX wind speeds with buoy
wind speeds increases from 0.85 to better than 0.95. Figure 7b shows the scatter plot of the buoy
measurements and the TOPEX wind speeds derived from the reference calculation of the tilting-surface
model. The agreement is considerably better than other existing algorithms (see, e.g. figure 6 of Witter
and Chelton, 1991; figure 2 of Wu, 1992).
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Figure 7. Comparison of different wind speed algorithms. (2)c vs. Uyg; circles are TOPEX data; the solid
curve is the present tilting-surface model (Eq. 5); the long-dashed is B81 (Brown et al., 1981); the long -short-
dashed is MCW (Witter and Chelton, 1991); and the short-dashed is F&C (Freilich and Challenor, 1994). (b)

The scatter plot of buey wind speeds and TOPEX measurements calculated with the present two-scale
procedure. Altimeter and buoy data are from Track 115 and NDBC Buoy 42020, a short description of the
data set is given in Table 1a.

09/10/97 1 3 topnrlmr.doc




Figures 8a and 8b show the distributions of AU of the forward calculation for the Gaussian and the
sinusoidal distributions. The AU distributions of B81, MCW, and F&C algorithms are shown in Figures
8c to 8e. The last three distributions of AU show very similar characteristics, with maximum and
minimum differences spread between (-3, 4 m/s), (-2.5, 3.8 m/s), and (-3.6, 3.2 m/s), respectively; and
the majority population distributed between £2 m/s (Figures 8c to 8¢) . In comparison, the maximum
and minimum differences of the reference computation are reduced to -2 to 1 m/s, and the majority
population is distributed within the range of -1 to +0.4 m/s (Figures 8a and 8b). The distribution of AU
of the Tilt-Operation algorithm (11) is shown in Figure 8f. The distribution resembles more closely to
those shown in Figures 8c to 8e than those shown in 8a and 8b. The other statistics of comparison listed
in Table 1 also show a similar resemblance with other empirical algorithms (B81, MCW, and F&C).
Comparisons of cases where the distance between satellite footprint and buoy location is larger than 10
km also show similar levels of improvement when the tilting mechanism is included in the forward
computational procedure. The statistics of two additional cases [Track 21, Buoy 42020, maximum
distance 20 km; Track 46, Buoy 42003, maximum distance 40 km] are also listed in Table 1. With the
forward computation, the rms difference persistently improves by a factor of approximately 40 percent,
with the correlation coefficient greater than 0.9.
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4.3. Discussion
Figure 9 summarizes the evolution in time of the comparison statistics of wind algorithms. It is seen

that the progress of the algorithm development since 1981 is almost stagnant. The differences among the
major operational algorithms are relatively minor (also see the more extensive comparisons described in
Freilich and Challenor (1994)). The “stabilized” trend may give the impression that the wind speed
resolution of satellite altimeters is approximately 1.3 m/s in regional applications, and 1.7 m/s in global
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applications (e.g., Freilich and Challenor, 1994). However, the results presented in Figure 8 and Table 1
illustrate that the altimeter wind speed resolution is probably significantly better than we have accepted.

Also, the calculated backscattering cross section using the theoretical scattering solution that
incorporated the tilting mechanism (5) is in excellent agreement with the altimeter measurements
without the need to invoke an unrealistically large surface roughness. This development therefore
resolves the long-exited controversy that the mean square slopes measured by radar altimeters to be
higher than those measured by optical sensors.

Table 1. Comparison of the tilting formulation with three existing wind speed algorithms.

a) Track 115, Buoy 42020 (27°00°44”N, 96°30°20”W, local mean water depth 131 m): Spatial distance
<10 km; Buoy measured wind speed range: 1 to 11 m/s; temporal difference < 0.5 hr.

RMS Error Correlation Slope
(m/s) Coefficient
Brown et al., 1981 (B81) 1.27 0.84 1.00
Witter and Chelton, 1991 (MCW) 1.24 0.85 1.00
Freilich and Challenor, 1994 (F&C) 1.33 0.88 0.89
Tilt-Operational, This study (Eq. 11) 1.31 0.84 0.96
Tilt-Forward, Sinusoidal 0.74 0.97 0.92
Tilt-Forward, Gaussian 0.82 0.94 0.99

b) Track 21, Buoy 42020 (27°00°44”N, 96°30°20”W, local mean water depth 131 m): Spatial distance <
20 km; Buoy measured wind speed range: 1 to 13 m/s; Temporal difference < 0.5 hr.

RMS Error | Correlation Slope
(m/s) Coefficient
Brown et al., 1981 (B81) 1.28 0.91 0.93
Witter and Chelton, 1991 (MCW) 1.23 0.92 0.95
Freilich and Challenor, 1994 (F&C) 1.52 0.92 0.87
Tilt-Forward, Sinusoidal 0.80 0.96 0.98
Tilt-Forward, Gaussian 0.92 0.98 0.91

¢) Track 46, Buoy 42003 (25°56°10”N, 85°84’51”W, local mean water depth 3164 m): Spatial distance <
40 km; Buoy measured wind speed range: 1 to 13 m/s; Temporal difference < 0.5 hr

RMS Error Correlation Slope
- (m/s) Coefficient
Brown et al., 1981 (B81) 1.84 0.79 0.94
Witter and Chelton, 1991 (MCW) 1.76 0.82 0.94
Freilich and Challenor, 1994 (F&C) 1.89 0.83 0.85
Tilt-Forward, Sinusoidal 1.16 0.94 0.89
Tilt-Forward, Gaussian 1.24 0.91 0.98

It is reemphasized that the forward computations (5) is a research algorithm rather than an
operational algorithm. Because the procedure as formulated requires a priori knowledge of the surface
roughness components, results shown in Figures 8a and 8b made use of the buoy-measured surface wind
speed. The primary purpose of the comparison presented here is to illustrate that the apparent
discrepancies of the surface roughness between radar and optical measurements can be explained with
correct physical mechanisms. It also serves to show that if such a correction factor is accounted for, wind
speeds measured by satellite altimeters and by ocean buoys agree considerably better than previously
reported (Table 1). To retrieve the wind speed to the full capability of the altimeter, however, remains a
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challenge. The calculation by the operational algorithm (11) considers essentially the same tilting effect
relating oy and Ujg. The differences in the outcome between (11) and (5) obviously are due to the
direction of applying the computational procedures. That is, significantly better agreement is found in the
procedure that derives the attenuation factor (6) from Ujg. The correction factor accounted for the large
difference between the measured and predicted backscattering cross section (Figure 3). On the other
hand, the procedures that calculate TOPEX wind speed from op do not produce such a high level of
agreement between altimeter and buoy measurements. Our attempts to derive the attenuation correction
(Aop) from altimeter output (through iteration, for example) did not produce further improvement of
wind speed retrieval from satellite data (in comparison with existing empirical formulae). This is partly
due to the fact that the monotonic wind-speed dependence of the attenuation parameter (Figure 10a)
cannot be reproduced using the altimeter output alone. An example is shown for Aoy vs. op in Figure
10b. We also tried to correlate the residual of the radar cross section (calculated by subtracting the
measured radar cross sections, oy, from their best-fit wind dependence values) with significant wave
heights, H, and pseudo wave age Ujo2/(gH) (Glazman and Greysukh, 1993). The improvement in
agreement with surface wind measurements is in the third decimal point of the correlation coefficient
(for example, the correlation coefficient increases from 0.866 to 0.868 for the data set of Track 115 and
Buoy 42020 and the rms decreases from 1.17 to 1.13 m). These improvements are considered
insignificant, and the details of these attempts will not be reported here.
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Figure 9. A summary of the comparison statistics of wind speed algorithms developed since 1981, in terms of

(a) the rms difference, and (b) the correlation coefficient. The results from operational algorithms (Table 1)

are shown as ‘0’, the forward computational results of the tilting mechanism is shown as ‘x’ (Gaussian) and
‘+* (sinusoidal).

5. Conclusions

Wind generates ocean surface waves, which serve as the roughness elements to scatter the
impinging radar waves. Thus the measured radar return can be used to derive wind speed. Algorithms to
retrieve wind information from satellite altimeters have been under continuous development, with efforts
commencing prior to the launch of SEASAT in 1978. During this period of almost two decades, the
uncertainty of measurements remained at a level of 1.7 to 2 m/s, and most algorithms were either purely
empirically-based or constructed on statistical grounds.
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One reason for the lack of progress can be attributed to our poor understanding of the surface
roughness characteristics, especially the wavenumber structure needed for the accurate determination of
the filtered mean square slopes of a given radar frequency. Another reason is the failure to recognize that
the contribution of long-scale (relative to the radar wavelength) surface roughness is mainly to modify
the local incidence angle, which produces an exponential attenuation of the altimeter return (see
Equations (1) and (4)). This is especially surprising because the two-scale model that takes into account
the modification of local incident angle had provided a major improvement in explaining the radar return
from moderate and low grazing angles (e.g. Wright, 1966, 1968).
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The recent in-situ ocean measurements of the short-wave wavenumber spectrum allow a reliable
calculation of the mean square slopes of short waves that contribute to scattering, and of the longer
waves that contribute to the modification of the local incidence angle. The resulting calculation is
consistent with the observed level of signal attenuation of satellite altimeters. Also, it is recognized that
turbulence processes and swells may introduce apparent slopes that are not correlated directly to the local
wind speed. With these considerations, it is found that the wind speeds measured from altimetry are in
much better agreement with in-situ measurements than previously perceived (Table 1 and Figure 8).
This development is very important as it is shown that the accuracy of satellites wind sensing is
comparable to that of the in-situ measurement, but it remains a challenge to retrieve the wind speed at its
full potential accuracy from altimeter output alone. From the analysis presented earlier, it is suggested
that major breakthrough will depend on the capability to derive the ambient and tilting wave slope
components from the altimeter data suite. This investigation is in progress.
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